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Growth of semiconducting single-wall carbon
nanotubes with a narrow band-gap distribution

Feng Zhang'*, Peng-Xiang Hou'*, Chang Liu', Bing-Wei Wang', Hua Jiang?, Mao-Lin Chen', Dong-Ming Sun’,
Jin-Cheng Li', Hong-Tao Cong', Esko I. Kauppinen? & Hui-Ming Cheng'?3

The growth of high-quality semiconducting single-wall carbon nanotubes with a narrow
band-gap distribution is crucial for the fabrication of high-performance electronic devices.
However, the single-wall carbon nanotubes grown from traditional metal catalysts usually
have diversified structures and properties. Here we design and prepare an acorn-like, partially
carbon-coated cobalt nanoparticle catalyst with a uniform size and structure by the thermal
reduction of a [Co(CN)gl3~ precursor adsorbed on a self-assembled block copolymer
nanodomain. The inner cobalt nanoparticle functions as active catalytic phase for carbon
nanotube growth, whereas the outer carbon layer prevents the aggregation of cobalt
nanoparticles and ensures a perpendicular growth mode. The grown single-wall carbon
nanotubes have a very narrow diameter distribution centred at 1.7nm and a high
semiconducting content of >95%. These semiconducting single-wall carbon nanotubes
have a very small band-gap difference of ~0.08 eV and show excellent thin-film transistor
performance.
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ingle-wall carbon nanotubes (SWCNTs) have a small
diameter, high carrier mobility, tunable band-gap and good
stability! 3. Therefore, they are considered to be an ideal
channel material for high-performance field effect transistors
(FETs), integrated circuits and related electronic devices*™®.
However, slight changes in the diameter and chiral angle of a
SWCNT lead to the change of its type of electrical conductivity,
that is, semiconducting to metallic or vice versa. As a result,
as-prepared SWCNTs are usually a mixture of semiconducting
and metallic nanotubes. In recent times, great efforts have been
devoted to the selective preparation of pure semiconducting
SWCNTs (s-SWCNTs) in large scale for their potential use in
new-generation integrated circuits and notable progress has been
made. One way is to separate SWCNT's by postsynthesis chemical
and physical treatments’~!%. Although high-purity s-SWCNTs
can be obtained, this approach suffers from drawbacks that
contamination and defects are inevitably introduced and the
resultant SWCNTs are usually shortened. The other way is to
synthesize s-SWCNTs directly by using metal nanoalloy as
catalyst' 12 or in situ selective etching during growth based on
the principle that metallic SWCNTs (m-SWCNTs) are chemically
more active than s-SWCNTs!3!4 For example, Zhang and
colleagues'® grew s-SWCNT arrays by applying ultraviolet
irradiation and subsequent photochemical reactions; Liu and
colleagues'® prepared SWCNTSs by using a mixture of ethanol
and methanol as both carbon source and oxidant precursor;
Cheng and colleagues'”"!® synthesized s-SWCNTs by introducing
oxygen or hydrogen as etchants; and Li and colleagues'® grew
s-SWCNTs from a metal catalyst loaded on CeO, supports that
can release oxygen for selective etching. In these above studies,
high-quality s-SWCNTs with purities higher than 90% were
obtained. However, little attention has been paid to the band-gap
uniformity of the s-SWCNTSs obtained. In fact, the diameters of
these s-SWCNTs are usually distributed over a wide range.
According to theoretical and experimental studies, the band-gap
of s-SWCNT is inversely proportional to their diameter?. It is
only by using s-SWCNTs with a narrow band-gap range that
devices with a uniform and stable performance can be fabricated.
From this point of view, it is most desirable to grow SWCNTs
with uniform chirality. Progress has been made on the controlled
growth of SWCNTSs by catalyst engineering?~22, Harutyunyan
et al?® first achieved preferential growth of m-SWCNTs by
modifying the morphology and coarsening behaviour of catalyst
nanoparticles. Scott et al.”® synthesized short (5, 5) CNTs from
a corannulene seed by stepwise chemical method and by
Diels-Alder reaction?®. Theoretically, Ding et al?®> proposed
that the growth rate of an SWCNT is proportional to its
chiral angle, whereas Artyukhov et al?® pointed out that the
naturally enriched near-armchair SWCNTs can be attributed to a
‘compromise’ of the kinetic and thermodynamic growth trends
for a rigid state catalyst. Very recently, high-purity single-chirality
SWCNTs were grown from high-melting-point, W-containing
alloy nanoparticles?l?2, as well as growth seeds derived from
molecular precursor527. However, the enriched (12, 6)31, (6, 6)%7
and so on SWCNTs are metallic, whereas the content of (16, 0)
s-SWCNTs is ~80% (ref. 22).
To obtain s-SWCNTs with a narrow diameter distribution and
a small range of band-gap, it is essential to use uniform catalyst
nanoparticles. However, it was found that even with a similar
initial catalyst nanogarticle size, the grown SWCNTs may have
different diameters?®?°. There are mainly two reasons for this
phenomenon: the first is that catalyst nanoparticles tend to
aggregate, to form larger ones during the growth of SWCNTs at
high temperatures; second, SWCNTs may grow following either
the ‘tangential’ mode (with diameter equal to the nanoparticle
size)?® or the ‘perpendicular’ mode (with diameter smaller than
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the nanoparticle size)?®. Therefore, to achieve well-controlled
growth of SWCNTs, it is crucial to prevent the aggregation of
catalyst nanoparticles and to control their mode of nucleation and
growth. In this study, we design and prepare an acorn-like
bicomponent catalyst, that is, Co nanoparticle with a partial
carbon coating layer. The inner Co nanoparticle functions as
active catalytic phase for SWCNT growth, whereas the outer
carbon layer prevents the aggregation of Co nanoparticles and
ensures the perpendicular growth of SWCNT from the catalyst.
This acorn-like catalyst with uniform size and structure is
prepared using a block copolymer (BCP) self-assembly
technique®’. The SWCNTs grow from the catalyst have a very
narrow diameter distribution. Based on the principle that
m-SWCNTs are chemically more reactive than s-SWCNTs
with similar diameters due to the smaller ionization potential
of the former’32, hydrogen is introduced as an etchant
and m-SWCNTs are selectively removed in situ. As a result,
high-purity (>95%) s-SWCNTs with a narrow range of band
gaps (<0.08 eV) are obtained, which show an excellent thin-film
transistor (TFT) performance.

Results

Preparation of Co nanoparticle partially coated with carbon.
A schematic showing the preparation of the Co nanoparticles
partially coated with carbon is shown in Fig. 1. Details of catalyst
preparation are described in Methods. In brief, an asymmetric
poly-(styrene-block-4-vinylpyridine) (PS-b-P4VP) film (Fig. la)
was self-assembled into vertical P4VP nanocylinders by
placing it in a toluene/tetrahydrofuran (THF) mixture vapor
annealing for 24h. The formed nanodomains, consisting
of hydrophilic vertical P4VP nanocylinders enclosed by a
hydrophobic PS matrix, were then immersed in an acidic aqueous
solution of K;[Co(CN)4] (Fig. 1b). The protonated pyridinic
nitrogen sites in the P4VP nanocylinders attracted anionic Co
complexes as [Co(CN)g]® ~, after which the material was treated
in an air plasma to oxidize the polymer. As the Co precursor was
anchored at one end of the nanodomains, CoO nanoclusters
partially encapsulated by a thin polymer layer were obtained
(Fig. 1c). It is worth noting that we intentionally used a relatively
weak plasma treatment to remove the polymer in a controlled
manner. The PS-b-P4VP used, PS40000-b-P4VP5600, has a high
PS to P4VP mass ratio (~7), which also makes it difficult to
completely remove the polymer. Furthermore, owing to the
similar size of the self-assembled nanodomains, the resulting
CoO clusters have a uniform size and exposed surface area. In
subsequent heating in a H, atmosphere, the CoO nanoclusters
were reduced to Co and aggregated into Co nanoparticles, and the
residual polymer was carbonized to produce Co catalysts that
were partially coated with carbon; thus, the acorn-like
bicomponent catalyst is obtained (Fig. 1d). SWCNTs with a
uniform diameter (Fig. le) were grown from these catalyst
particles by the chemical vapour deposition (CVD) of ethanol.
When H, was introduced as an in situ growth etchant,
m-SWCNTs with higher chemical reactivity were selectively
removed and s-SWCNTs with a narrow range of band-gap were
obtained (Fig. 1f).

Characterization of the partially coated Co nanoparticles. To
understand the structure of the catalyst synthesized using this
method, atomic force microscopy (AFM) and transmission
electron microscopy (TEM) characterization were performed.
An AFM image (Fig. 2a) shows that the catalyst particles are
well-dispersed and uniformly distributed on the substrate,
whereas the TEM image (Fig. 2b) verifies the uniform size of the
monodispersed Co nanoparticles. These nanoparticles were
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Figure 1| Schematic showing the formation of carbon-coated Co nanoparticles and the growth of s-SWCNTs. (a) A self-assembled PS-b-P4VP film.
(b) Formation of phase-separated nanodomains and adsorption of [Co(CN)¢]3 ~ catalyst precursors. (€) CoO nanoclusters partially surrounded by residual
polymer. (d) Co nanoparticles partially coated with carbon. (e) Nucleation and growth of SWCNTs with a narrow diameter distribution grown from the
partially carbon-coated Co nanoparticles and in situ etching of m-SWCNTs. (f) s-SWCNTs with a narrow band-gap range.

observed to be partially coated with a carbon layer (indicated
by red arrows in Fig. 2b). High-resolution TEM images
(Supplementary Fig. la-c) clearly demonstrate the partially
carbon-coated Co nanoparticle structure of the catalyst.
More detailed characterizations of the catalysts are reported in
Methods. The sizes of ~ 130 nanoparticles were measured from
TEM images and the resultant histogram of their diameters is
shown in Fig. 2c. It can be seen that most of the nanoparticles
(>90%) have diameters in the range of 2.5-4.5 nm, with a mean
diameter of 3.1nm. These uniform and monodispersed Co
catalyst particles partially coated with carbon are critical for the
growth of SWCNTSs with a narrow diameter distribution.

Structure characterization of SWCNTs. SWCNTs were
synthesized by CVD at 700°C using the carbon-coated Co
particles as catalyst, alcohol as carbon source and hydrogen as
carrier gas. Details of the SWCNT synthesis procedure and
characterization are described in Methods. Scanning electron
microscope (SEM) image of Fig. 3a shows that carbon nanotubes
with a length of 10 um are randomly dispersed on the substrate.
TEM observations show that the SWCNTSs obtained are isolated
and straight (Fig. 3b), suggesting that the catalyst has a good
catalytic activity for SWCNT growth even at the relatively low
temperature of 700 °C. A SWCNT grown from a partially carbon-
coated catalyst nanoparticle was clearly observed (Fig. 3c). The
diameters of 130 SWCNT's were measured from TEM images and
the resultant histogram is shown in Fig. 3d. The diameters are
narrowly distributed in the range of 1.6-1.9nm with a mean
diameter of 1.7 nm. This diameter distribution is much narrower
than most previously reported results!”33. In addition, the
SWCNTs are isolated rather than in bundles, which can be
attributed to the monodispersed Co catalysts used.

Characterization by Raman and absorption spectroscopy. We
further characterized the SWCNTs using Raman spectroscopy

with excitation laser wavelengths of 488, 532, 633 and 785 nm.
Figure 4a-d show the Raman spectra, where the radial breathing
mode (RBM) peaks originating from m- and s-SWCNTs are
highlighted according to the Kataura plot**. In Fig. 4a, sharp
peaks narrowly centred at ~141cm ! are shown with an
excitation wavelength of 532nm (2.33eV) and these peaks
originate from s-SWCNTs. Figure 4b shows the Raman spectra
excited with a laser wavelength of 633 nm (1.96 eV) and the RBM
peaks originating from s-SWCNTs are located in a narrow
range around ~ 141 cm ~ !, Raman spectra excited by a 785nm
(1.58¢eV) laser (Fig. 4c) shows very few weak RBM peaks at
~141cm~ ! originating from metallic tubes. No RBM Raman
peak is detected with the 488-nm laser (2.54 eV) (Fig. 4d). All the
excited Raman RBM signals under these four laser wavelengths
are centred at ~141cm~! and most can be assigned to
s-SWCNTs, suggesting that the sample contains s-SWCNTs
with a narrow diameter distribution. Using the inverse
relationship between RBM peak frequency (wrpm) and tube
diameter (d,) (d,=235.9/(wgrpy — 5.5))%°, the calculated
diameters of the SWCNTSs are around 1.7 nm, which is in good
agreement with the TEM observations. The content of
s-SWCNTs in our sample is calculated to be ~98% based on
the number of the metallic and semiconducting RBM peaks
averaged from 160 Raman spectra!®*. The G-band of the
Raman spectra (Fig. 4e) show an obvious Lorentzian line shape,
which is characteristic of s-SWCNTs*’ and this further verifies
the effective enrichment of semiconducting nanotubes. As the
diameters of the SWCNT's are mostly in the range of 1.6-1.9 nm,
these s-SWCNTs have an extremely small band-gap difference
of 0.08eV (ref. 38). The ultraviolet/visible/near-infrared
absorption spectrum of an aqueous SWOCNT dispersion
collected from 125 SWCNT samples (for more details, see
Methods and Supplementary Fig. 2) is shown in Fig. 4f. One
intense narrow peak and two weak peaks distributed in the
range of 1,200-1,430nm and 600-715nm, respectively, were
detected, corresponding to the second and third van Hove
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Figure 2 | Morphology and diameter distribution of the Co nanoparticle partially coated with carbon. Typical (a) AFM and (b) TEM images of the Co
nanoparticles partially coated with carbon, showing that the nanoparticles are monodispersed and uniform in size. The red arrows indicate Co nanoparticles
partially coated by a carbon layer. Scale bar, 400 nm (a) and 5nm (b). (¢) A histogram showing the diameter distribution of the nanoparticles based on

TEM observations.
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Figure 3 | SEM and TEM observations of the as-prepared SWCNTs. SEM (a) and TEM (b,c) image of the as-prepared SWCNTs. Scale bar, 10 um (a) and
10 nm (b,c). (d) Diameter distribution of the SWCNTs based on TEM observations.

singularity transition of s-SWCNTs (S,, and S33) with
diameter distributions of 1.6-1.9 nm (refs 34,38). No obvious first
van Hove singularity transition of m-SWCNTs (800-950 nm) was
detected by the ultraviolet/visible/near-infrared, confirming the
high purity of s-SWCNTs in our sample. Quantitatively,
the content of s-SWCNTs in the sample was calculated to
be ~ 99% (ref. 39).

Conductivity characterization by electron diffraction. Electron
diffraction analysis is an effective method for directly determining
the chiral indices (1, m) of SWCNTs*. To further confirm the
enrichment of s-SWCNTs in our sample, we transferred the
SWCNTs from a Si substrate to a TEM grid (for details see
Methods) and carried out electron diffraction using a TEM (JEOL

4

JEM-2200FS 2 x CS corrected) operated at 80kV with a Gatan
794 multiscan charge-coupled device camera (1k x 1k). Figure 5a
shows a freestanding SWCNT and its corresponding electron
diffraction pattern is shown in Fig. 5b. In addition to the bright
spot at the centre caused by the direct electron beam, the
diffraction pattern mainly consists of a set of parallel diffracted
layer lines, which are separated by certain distances from the
equatorial layer line at the centre. By analysing the layer line
distance, the chiral index of this SWCNT was determined to be
(19, 5) with a tube diameter of 1.72 nm. The chiral indexes of total
95 SWCNTs were assigned by using this electron diffraction
method (Supplementary Figs 3 and 4). The resultant numbers of
s- and m-SWCNTs are shown in Fig. 5c. The s-SWCNT content
reaches ~96%, which verifies the enrichment of s-SWCNTs in
our sample.
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Figure 4 | Electrical type of the SWCNTs. Electrical type characterized by multi-wavelength Raman spectroscopy and ultraviolet/visible/near-infrared

absorption spectroscopy. Raman spectra of the SWCNTs measured with (a) 532, (b) 633, (¢) 785 and (d) 488 nm lasers. The regions corresponding to
semiconducting and metallic transitions are labelled as S (pink) and M (blue), respectively. () D and G band excited with a 633-nm laser. (f) Ultraviolet/
visible/near-infrared absorption spectrum of an aqueous dispersion collected from 125 SWCNT samples: as-collected curve (red line) and background-
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Figure 5 | Electron diffraction of the SWCNTs. (a) Typical TEM image of an isolated SWCNT. Scale bar, 10 nm. (b) Electron diffraction pattern of the
SWCNT shown in a, the chirality of which is assigned as (19, 5). (¢) A pie chart showing the content of s- and m-SWCNTs based on electron diffraction

measurements of a total of 95 SWCNTs.

Electrical performance of SWCNT TFTs. Electrical measure-
ments can provide direct evidence of the transport properties of
SWCNTs*42, Thus, TFT devices based on the SWCNTs with a
growth time of 25min were fabricated (for more details, see
Methods). Supplementary Fig. 5 shows a typical SEM image of a
long channel bottom-gated SWCNT TFT. It can be seen that the
SWCNTs are pure and randomly distributed. The channel width
and length of the TFTs are 100 and 200 pum, respectively.
Figure 6a shows typical output characteristics (Igs — Vgs)of the
TFTs, which indicates the formation of ohmic contacts between
SWCNTs and metal eletrode. Figure 6b shows transfer

characteristics (I; — V) of ten devices with the same channel
geometry (Lg, =200pum, Wq, =100 pm); simultaneously, high
on/off ratios of 3.1 x 103-3.6 x 10° and high carrier mobilities of
36-143cm?V ~1s 71, as evaluated by the standard formula,
were demonstrated. Remarkably, the mean carrier mobility is as
high as 95.2cm?V ~1s~1 Furthermore, as shown in Fig. 6c,
when compared with the previously reported SWCNT-based
TFTsO$1843-49 " including the TFTs fabricated using
chirality-enriched nanotubes?®, our TFTs show obviously
superior performance, in terms of both high current on/off
ratio and high carrier mobility, which further verifies the
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high quality and high s-SWCNTs content of our sample. We
further constructed a series of bottom-gate TFTs from the grown
s-SWCNTs with L, ranging from 20 to 200 um (Supplementary
Fig. 6). It was found that on/off ratios higher than 10° were
obtained for the TFTs with L, longer than 40 pm, and even for
the devices with a Ly, value of 20 um, the on/off ratios were still
around 102, TFTs with a short channel length of 1.5 um were also
fabricated by electron-beam lithography (EBL) using the same
sample. High on/off ratios and high carrier mobilities were
demonstrated for the majority of the devices (Supplementary
Fig. 7), although a few TFTs showing current on/off ratios <5
caused by the short circuiting of m-SWCNTs were also detected.

Discussion
We attribute this selective growth of s-SWCNTs to both novel
catalyst and in situ growth selective etching. As mentioned
above, we prepared an acorn-like, partially carbon-coated Co
nanoparticle catalyst with a narrow diameter distribution by a
BCP self-assembly method. The [Co(CN)e]? catalyst precursor
was absorbed on the phase-separated P4VP nanodomains so that
only part of the Co nanoparticle is exposed and serves as the
catalyst for SWCNT growth following a perpendicular mode (see
Fig. 1). As shown in Fig. 3c, SWCNTSs were observed to grow
from the partially carbon-coated Co nanoparticles via a
perpendicular growth mode. As the Co nanoparticles prepared
by the copolymer self-assembly method have a narrow range of
diameters, the exposed Co active catalyst obtained after polymer
wrapping and partial etching processes should have an
even smaller size difference. As a consequence, the SWCNTs
grown on the exposed Co regions have an extremely narrow
diameter distribution. The hydrogen used as carrier gas during
the CVD growth also serves as an etchant, that is, m-SWCNTs
can be preferentially removed by H radicals decomposed from
H, at 700°C in the presence of Co°®. The narrow diameter
distribution of the SWCNTSs guarantees efficient selective
etching of m-SWCNTs, as the chemical stability of SWCNTs
is determined by Dboth their electrical type and
diameter! 4161731325152 - Therefore, high purity (>95%)
s-SWCNTs with a uniform diameter and band-gap are obtained.
To verify the above controlled growth mechanism, we further
performed a series of comparative experiments. First, fully
exposed Co catalyst particles were prepared by omitting
the solvent annealing process and a thermal treatment at
750°C in air for 5min was added to completely remove the
polymer (see Methods). These Co catalysts were used for growing
SWCNTs. The Raman spectra (Supplementary Fig. 8) of the
obtained sample show a broad RBM peak distribution, originat-
ing from both s-and m-SWCNTs according to the Kataura plot>,
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This result proves that the partial carbon coating of the Co
nanoparticles plays a key role in growing SWCNTs with uniform
diameters. Following this controlled growth mechanism, it may
be feasible to tune the diameter of SWCNTSs by controlling the
exposed area of the Co nanoparticles. We therefore tried to
enlarge the exposed area by performing heat treatment in a H,
atmosphere at 800°C for 10min and then used the resulting
material for SWCNT growth (Methods). Supplementary Fig. 9
shows the Raman spectra of the SWCNTSs obtained. It can be
seen that the RBM peaks are distributed in the range of
110-120cm ~ !, corresponding to nanotube diameters of
2.0-2.2nm. Based on the Raman spectra from three laser
wavelengths, the content of s-SWCNT was calculated to be
~96% (refs 19,34,36). This result further verifies the growth
mechanism of s-SWCNTs from the Co catalyst partially coated
with carbon.

In summary, acorn-like partially carbon-coated Co nanopar-
ticles with a mean diameter of 3.1 nm were prepared by a BCP
self-assembly and subsequent partial oxidation approach. The
bicomponent nanoparticles were used as a catalyst for growing
SWCNTs by CVD. SWCNTs with a narrow and tunable diameter
distribution were synthesized in a hydrogen atmosphere
following a perpendicular growth mode. It was found that a
high content (>95%) of s-SWCNTs with a narrow diameter
distribution was obtained. The mean diameter of the s-SWCNTs
could be tuned to be ~1.7 or 2.1 nm by controlling the carbon
coverage of the Co catalyst. The band-gap range of the
s-SWCNTs was <0.08eV, due to their very narrow diameter
distribution. The TFTs fabricated using these s-SWCNT's showed
an excellent electrical performance. This combined catalyst
design and in situ etching approach may pave the way for
chirality-controlled growth of SWCNTs.

Methods

Preparation of the partially carbon-coated Co nanoparticles. A BCP
self-assembly technique was used to prepare Co nanoparticles with a uniform
diameter>>>%, Briefly, 0.25 wt% PS-b-P4VPs (Mn: 40,000 gmol ~ ! for PS and
5,600 g mol ~ ! for P4VP, Polymer Source Inc.) were dissolved in a toluene/

THEF = 3/1 (wt ratio) solution and electromagnetically stirred for 2h in a 70°C
water bath. The solution was then spin-coated (Spin Master100) onto a Si/SiO,
(300 nm thick) substrate at 5,000 r.p.m. for 2 min. The substrate had previously
been treated in a sulfuric acid/hydrogen peroxide (5/1 in wt ratio) solution and
ultrasonicated in ethanol and acetone for 15min. The BCP thin films were then
annealed under a saturated vapour of toluene/THF (1/4 vol ratio) solution, after
which they were immersed in a I mmol!~ K;3[Co(CN)] (98%, J&K) acidic
aqueous solution for 3 min, to allow the adsorption of [Co(CN)] ~, followed by
washing three times in de-ionized water. The BCP films were then dried at 60 °C
for 20 min followed by exposure to air plasma for 10 min, to remove the polymer
covered on the top of particles. The CoO nanoclusters were reduced under a
hydrogen atmosphere with a flow rate of 200s.c.c.m. at 500 °C for 5 min,
subsequently heated up to 700 °C for 5 min, to obtain Co nanoparticles that were
partially coated with carbon.
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Synthesis of SWCNTs. For the growth of SWCNTs, a Si/SiO, substrate with
catalyst dispersed on the surface was placed at the low-temperature zone (end) of a
quartz tube reactor (25 mm in diameter) inserted into a horizontal tube furnace.
When the furnace temperature reached 700 °C, the Si substrate was put into the
centre of the reactor. At the same time, a 75 s.c.c.m. argon flow through an ethanol
bubbler (in a 35 °C water bath) and a 200 s.c.c.m. hydrogen flow were introduced
into the reactor for 10-25 min, to grow SWCNTs. The furnace was then cooled to
room temperature under the protection of the Ar/H, flow.

Characterizations of the catalysts and SWCNTs. An AFM (Digital Instruments
Multiple Mode SPM Nanoscope IlIa, operated at tapping-mode), an SEM

(FEI XL30 S-FEG, operated at 1kV), a TEM, (FEI Tecnai F20, 200 kV; JEOL
JEM-2200FS 2 x CS corrected TEM, 80kV) and a micro-Raman spectroscope
(Jobin Yvon HR800, excited by 488, 532, 633 and 785nm He-Ne laser with laser
spot size of ~1pm? in line mapping mode) were used to characterize the
SWCNTs. For Raman characterization, more than 40 locations in each sample
were measured randomly by moving the laser spot in 10 um steps. For TEM
observation, we used the transfer procedure developed by Jiao et al.>>*® with a
slight modification. Briefly, a polymethylmethacrylate (PMMA) solution

(AR-P 679, molecular weight =950K, 4 wt.% in ethyl lactate, Allresist) was first
spin-coated (3,000 r.p.m. for 1 min) onto the substrate on which the SWCNTSs were
grown. The substrate was then baked at 80 °C for 4h in an oven. The PMMA
solidified and formed a thin film with SWCNTs embedded in it. It was then put
into a freshly prepared NaOH aqueous solution (5 M) with a temperature of 80 °C
and kept there for 100 min. The slight etching of the SiO, surface by the hot NaOH
solution released the PMMA film from the substrate®. Finally, the PMMA film
embedded with SWCNTs was peeled off and attached to a Cu grid for TEM
characterization after the PMMA was removed in an acetone bath>®. For
ultraviolet/visible/near-infrared absorption characterization, total 125 Si substrates
(10 mm x 10 mm) with SWCNTSs grown were inmmersed into a 5-ml 1wt%
sodium benzenesulfonate (SDS) D,O solution (one by one), followed by ultrasonic
treatment for 5min, to detach the SWCNTs from the substrate and to disperse in
the D,O solution.

Calculation of the s-SWCNT content from absorption spectrum. According to

the tight-binding model®*, the band gaps of s-SWCNTSs and m-SWCNTs are

dependent on their diameters as follows>®:

2a 4ayy,
S 0%0 s 070
Ej = d E, =

s _ 8a0¥o m _ 649 1)

d, v 33 T d[ v H11 dt

ao is the C-C band distance and y, is interaction energy between neighbouring C
atoms.

In this study, the diameter of the SWCNTs is distributed in the range of
1.6-1.9 nm. Thus, their absorption spectra peaks of Sy, Sy5, S33 and My, are
calculated to be at 2,408-2,860 nm, 1,204-1,430 nm, 602-715nm and 803-953 nm,
respectively. The absorption peaks of S;; cannot be detected due to the strong noise
absorption from the solvent at corresponding wavelength. Therefore, the content of
s-SWCNTs was calculated by using absorption peak areas of M;; and S,, with the
following formula:

ns 1
= =—
mtns 14 gl

@
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Where R is the content of s-SWCNTs in the sample, 71y and ng are the numbers of
m- and s-SWCNTs, M;; and S,, are the areas of the M;, or S,, peaks measured,
and f is the absorption coefficient, here 1.24 according to the SWCNT diameter
distribution. After baseline subtraction, the peak areas of S,, and M;; were
measured to be 3.81 and 0.0265, respectively. Thus, the content of s-SWCNTSs in
our samples was calculated to be ~99% (ref. 39).

Fabrication of SWCNT TFTs. Bottom-gate TFT's based on our as-grown SWCNT
network were fabricated on Si substrates with a thermally grown SiO, layer

(300 nm) as a gate dielectric. The bottom-gate electrode (Ti/Au: 10/50 nm) was
deposited by electron-beam evaporation after the SiO, layer on the backside of the
wafer was etched by reactive ion etching. Source and drain electrodes (Ti/Au:
10/50 nm) were fabricated by standard photolithography, electron-beam
evaporation and lift-off processes. Subsequently, SWCNTs outside the channel area
were removed by oxygen plasma. For the fabrication of TFTs with short channel
lengths, the patterning of electrodes and channel was realized by EBL. For details,
the source and drain electrodes (Ti/Au: 5/50 nm) on Si/SiO, substrates with grown
SWCNT network were fabricated by EBL, electron-beam evaporation and lift-off
processing. Next, the SWCNTs outside the channel area were removed by EBL
and oxygen plasma etching. Electrical measurements were conducted using a
semiconductor analyser (Agilent BI500A) at ambient conditions.

Preparation of exposed Co catalyst and growth of SWCNTs. For comparison, a
parallel experiment was conducted by using completely exposed Co nanoparticles
as the catalyst to grow SWCNTSs. The catalyst was prepared by omitting the solvent
annealing step to obtain a uniform BCP film without microphase separation. We

treated the material in air at 750 °C for 5 min to remove the carbon coating, to
obtain uncoated Co nanoparticles. The fully exposed Co catalyst was used to grow
SWCNTs with the same CVD conditions described in Methods.

Synthesis of SWCNTs with a tunable mean diameter. To tune the mean
diameter of SWCNTs, we prepared carbon-coated Co catalyst with a larger area of
exposed Co by changing the thermal reduction process from 500 °C for 5min to
700 °C for 10 min and to 800 °C for 10 min under H, with a flow rate of 200 s.c.c.m.
The catalyst was used to grow SWCNTSs with identical CVD growth conditions as
described in Methods. The result of Raman characterization is shown in
Supplementary Fig. 9. These SWCNTs have a mean diameter of 2.1 nm and the
content of semiconducting nanotubes was calculated to be higher than 96%.

References

1. Frank, S, Poncharal, P., Wang, Z. L. & de Heer, W. A. Carbon nanotube
quantum resistors. Science 280, 1744-1746 (1998).

2. Saito, R, Fujita, M., Dresselhaus, G. & Dresselhaus, M. S. Electronic-structure
of chiral graphene tubules. Appl. Phys. Lett. 60, 2204-2206 (1992).

3. Durkop, T., Getty, S. A., Cobas, E. & Fuhrer, M. S. Extraordinary mobility in
semiconducting carbon nanotubes. Nano Lett. 4, 35-39 (2004).

4. Tulevski, G. S. et al. Toward high-performance digital logic technology with
carbon nanotubes. ACS Nano 8, 8730-8745 (2014).

5. Cao, Q. & Rogers, J. A. Ultrathin films of single-walled carbon nanotubes for
electronics and sensors: a review of fundamental and applied aspects. Adv.
Mater. 21, 29-53 (2009).

6. Sun, D. M. et al. Flexible high-performance carbon nanotube integrated
circuits. Nat. Nanotechnol. 6, 156-161 (2011).

7. Liu, H. P., Nishide, D., Tanaka, T. & Kataura, H. Large-scale single-chirality
separation of single-wall carbon nanotubes by simple gel chromatography.
Nat. Commun. 2, 309 (2011).

8. Lee, H. W. et al. Selective dispersion of high purity semiconducting
single-walled carbon nanotubes with regioregular poly(3-alkylthiophene)s. Nat.
Commun. 2, 541 (2011).

9. Tu, X. M., Manohar, S., Jagota, A. & Zheng, M. DNA sequence motifs for
structure-specific recognition and separation of carbon nanotubes. Nature 460,
250-253 (2009).

10. Zheng, M. et al. DNA-assisted dispersion and separation of carbon nanotubes.

Nat. Mater. 2, 338-342 (2003).

. Chiang, W. H. & Sankaran, R.M. Linking catalyst composition to chirality
distributions of as-grown single-walled carbonnanotubes by tuning Ni,Fe;
nanoparticles. Nat. Mater. 8, 882-886 (2009).

12. Zhang, S. C., Tong, L. M., Hu, Y., Kang, L.X. & Zhang, J. Diameter-specific

growth of semiconducting SWNT arrays using uniform Mo,C solid catalyst.
J. Am. Chem. Soc. 137, 8904-8907 (2015).

13.Li, Y. M. et al. On the origin of preferential growth of semiconducting
single-walled carbon nanotubes. J. Phys. Chem. B 109, 6968-6971 (2005).

14. Zhang, G. Y. et al. Selective etching of metallic carbon nanotubes by gas-phase
reaction. Science 2006 314, 974-977 (2005).

15. Hong, G. et al. Direct growth of semiconducting single-walled carbon nanotube
array. J. Am. Chem. Soc. 131, 14642-14643 (2009).

16. Ding, L. et al. Selective growth of well-aligned semiconducting single-walled
carbon nanotubes. Nano Lett. 9, 800-805 (2009).

17. Yu, B. et al. Bulk synthesis of large diameter semiconducting single-walled
carbon nanotubes by oxygen-assisted floating catalyst chemical vapor
deposition. J. Am. Chem. Soc. 133, 5232-5235 (2011).

18. Li, W. S. et al. High-quality, highly concentrated semiconducting single-wall
carbon nanotubes for use in field effect transistors and biosensors. ACS Nano 7,
6831-6839 (2013).

19. Qin, X. J. et al. Growth of semiconducting single-walled carbon nanotubes by
using ceria as catalyst supports. Nano Lett. 14, 512-517 (2014).

20. Harutyunyan, A. R. et al. Preferential growth of single-walled carbon nanotubes

with metallic conductivity. Science 326, 116-120 (2009).

. Yang, F. et al. Chirality-specific growth of single-walled carbon nanotubes on
solid alloy catalysts. Nature 510, 522-524 (2014).

22. Yang, F. et al. Growing zigzag (16,0) carbon nanotubes with structure-defined

catalysts. J. Am. Chem. Soc. 137, 8688-8691 (2015).

23. Scott, L. T. et al. A short, rigid, structurally pure carbon nanotube by stepwise
chemical synthesis. J. Am. Chem. Soc. 134, 107-110 (2012).

24. Fort, E. H., Donovan, P. M. & Scott, L. T. Diels-Alder reactivity of polycyclic
aromatic hydrocarbon bay regions: implications for metal-free growth of single-
chirality carbon nanotubes. J. Am. Chem. Soc. 131, 16006-16007 (2009).

25. Ding, F.,, Harutyunyan, A. R. & Yakobson, B. I. Dislocation theory of chirality-
controlled nanotube growth. Proc. Natl Acad. Sci. USA 106, 2506-2509 (2009).

26. Artyukhov, V. L, Penev, E. S. & Yakobson, B. I. Why nanotubes grow chiral.
Nat. Commun. 5, 4892 (2014).

. Sanchez-Valencia, J. R. et al. Controlled synthesis of single-chirality carbon
nanotubes. Nature 512, 61-64 (2014).

1

—

2

—

2

~

| 711160 | DOI: 10.1038/ncomms11160 | www.nature.com/naturecommunications 7


http://www.nature.com/naturecommunications

ARTICLE

28.

29.

30.

3

—

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48

49.

50.

Fiawoo, M. F. C. et al. Evidence of correlation between catalyst particles and the
single-wall carbon nanotube diameter: a first step towards chirality control.
Phys. Rev. Lett. 108, 195503 (2012).

Yao, Y. G. et al. Temperature-mediated growth of single-walled carbon
nanotube intramolecular junctions. Nat. Mater. 6, 283-286 (2007).

Mai, Y. Y. & Eisenberg, A. Self-assembly of block copolymers. Chem. Soc. Rev.
41, 5969-5985 (2012).

. Lu, J. et al. Selective interaction of large or charge-transfer aromatic molecules

with metallic single-wall carbon nanotubes: critical role of the molecular size
and orientation. J. Am. Chem. Soc. 128, 5114-5118 (2006).

Strano, MLS. et al. Electronic structure control of single-walled carbon nanotube
functionalization. Science 301, 1519-1522 (2003).

Zhu, Z., Jiang, H., Susi, T., Nasibulin, A. G. & Kauppinen, E. I. The use of NH;
to promote the production of large-diameter single-walled carbon

nanotubes with a narrow (n,m) distribution. J. Am. Chem. Soc. 133, 1224-1227
(2011).

Kataura, H. et al. Optical properties of single-wall carbon nanotubes. Synth.
Met. 103, 2555-2558 (1999).

Zhang, D. Q. et al. (n,m) assignments and quantification for single-walled
carbon nanotubes on SiO,/Si substrates by resonant Raman spectroscopy.
Nanoscale 7, 10719-10727 (2015).

Kang, L. X. et al. Growth of close-packed semiconducting single-walled carbon
nanotube arrays using oxygen-deficient TiO, nanoparticles as catalysts. Nano
Lett. 15, 403-409 (2015).

Jorio, A. et al. G-band resonant Raman study of 62 isolated single-wall carbon
nanotubes. Phys. Rev. B 65, 1554121 (2002).

Saito, R., Dresselhaus, G. & Dresselhaus, M. S. Trigonal warping effect of
carbon nanotubes. Phys. Rev. B 61, 2981-2990 (2000).

Huang, L. et al. A Generalized method for evaluating the metallic-to-
semiconducting ratio of separated single-walled carbon nanotubes by
UV-vis-NIR characterization. J. Phys. Chem. C 114, 12095-12098 (2010).
Jiang, H., Nasibulin, A. G., Brown, D. P. & Kauppinen, E. I. Unambiguous
atomic structural determination of single-walled carbon nanotubes by electron
diffraction. Carbon 45, 662-667 (2007).

Tans, S. J., Verschueren, A. R. M. & Dekker, C. Room-temperature transistor
based on a single carbon nanotube. Nature 393, 49-52 (1998).

Martel, R., Schmidt, T., Shea, H. R., Hertel, T. & Avouris, P. Single- and
multi-wall carbon nanotube field-effect transistors. Appl. Phys. Lett. 73,
2447-2449 (1998).

LeMieux, M. C. et al. Self-sorted, aligned nanotube networks for thin-film
transistors. Science 321, 101-104 (2008).

Wang, C. et al. Wafer-scale fabrication of separated carbon nanotube thin-film
transistors for display applications. Nano Lett. 9, 4285-4291 (2009).
LeMieux, M. C. et al. Solution assembly of organized carbon nanotube
networks for thin-film transistors. ACS Nano 3, 4089-4097 (2009).

Arnold, M. S, Green, A. A,, Hulvat, J. F., Stupp, S. I. & Hersam, M. C. Sorting
carbon nanotubes by electronic structure using density differentiation. Nat.
Nanotechnol. 1, 60-65 (2006).

Cao, Q. et al. Medium-scale carbon nanotube thin-film integrated circuits on
flexible plastic substrates. Nature 454, 495-500 (2008).

. Cao, X. et al. Screen printing as a scalable and low-cost approach for rigid and

flexible thin-film transistors using separated carbon nanotubes. ACS Nano 8,

12769-12776 (2014).

Chen, H. T., Cao, Y., Zhang, J. L. & Zhou, C. W. Large-scale complementary
macroelectronics using hybrid integration of carbon nanotubes and IGZO thin-
film transistors. Nat. Commun. 5, 4097 (2014).

Liu, W. W,, Aziz, A, Chai, S. -P., Mohamed, A. R. & Hashim, U. Synthesis of
single-walled carbon nanotubes: effects of active metals, catalyst supports, and
metal loading percentage. J. Nanomater. 2013, 592464 (2013).

51. Liu, B. L. et al. Chirality-dependent reactivity of individual single-walled carbon
nanotubes. Small 9, 1379-1386 (2013).

52. Li, J. H. et al. Importance of diameter control on selective synthesis of
semiconducting single-walled carbon nanotubes. ACS Nano 8, 8564-8572 (2014).

53. Mun, J. H. et al. Monodisperse pattern nanoalloying for synergistic
intermetallic catalysis. Nano Lett. 13, 5720-5726 (2013).

54. Park, S., Kim, B., Wang, J. Y. & Russell, T. P. Fabrication of highly ordered
silicon oxide dots and stripes from block copolymer thin films. Adv. Mater. 20,
681-685 (2008).

55. Jiao, L. Y. et al. Creation of nanostructures with poly(methylmethacrylate)-
mediated nanotransfer printing. J. Am. Chem. Soc. 130, 12612-12613 (2008).

56. Jiao, L. Y., Xian, X. J. & Liu, Z. F. Manipulation of ultralong single-walled
carbon nanotubes at macroscale. J. Phys. Chem. C 112, 9963-9965 (2008).

57. Reina, A. et al. Transferring and identification of single- and few-layer
graphene on arbitrary substrates. J. Phys. Chem. C 112, 17741-17744 (2008).

58. Wang, Y. et al. Optimizing single-walled carbon nanotube films
for applications in electroluminescent devices. Adv. Mater. 20, 4442-4449
(2008).

Acknowledgements

We thank Professor Xiaohui Wang for help in 488 nm Raman measurements.

We thank Mr Chao Shi and Mr Jian Luan for their contributions in sample
preparation. We thank Professor Xiuliang Ma and Mr Zhibo Liu for useful discussion
and help in TEM characterization. This work was supported by the Ministry of Science
and Technology of China (Grants 2011CB932601), National Natural Science Foundation
of China (Grants 51532008, 51572264, 51272256, 61422406, 51272257, 61574143 and
51372254), Chinese Academy of Sciences (Grant KGZD-EW-T06), CAS/SAFEA
International Partnership Program for Creative Research Teams, Liaoning BaiQianWan
Talents Program and EU-JST joint project IRENA.

Author contributions

C.L, P.H, F.Z. and HM.C. designed the experiments. F.Z. carried out the catalyst
preparation, SWCNTSs growth and most characterizations. P.H., F.Z,, CL., J.L.
and H.M.C. performed data analysis. B.W., M.C. and D.S. performed electrical
property measurement. H.J. and E.K. performed electron diffraction experiment.
CL,PH, FZ, HM.C, B. W, D.S., H.C,, H.J. and E.K. wrote and revised the
manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Zhang, F. et al. Growth of semiconducting single-wall
carbon nanotubes with a narrow band-gap distribution. Nat. Commun. 7:11160

doi: 10.1038/ncomms11160 (2016).

This work is licensed under a Creative Commons Attribution 4.0
B International License. The images or other third party material in this

article are included in the article’s Creative Commons license, unless indicated otherwise

in the credit line; if the material is not included under the Creative Commons license,

users will need to obtain permission from the license holder to reproduce the material.

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 7:11160 | DOI: 10.1038/ncomms11160 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

Growth of semiconducting
single-wall carbon nanotubes with a narrow
band-gap distribution

Feng Zhang, Peng-Xiang Hou, Chang Liu, Bing-Wei Wang, Hua Jiang, Mao-Lin Chen, Dong-Ming Sun,
Jin-Cheng Li, Hong-Tao Cong, Esko I. Kauppinen & Hui-Ming Cheng

Nature Communications 7:11160 doi: 10.1038/ncomms11160 (2016); Published 30 Mar 2016; Updated 27 Apr 2016

This Article contains an error in Fig. 6. In Fig. 6a, the units on the y-axis should be ‘@A’ not ‘mA’.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images or other third party material in this article are included in the
By article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder to reproduce the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

| 711563 | DOI: 10.1038/ncomms11563 | www.nature.com/naturecommunications 1


http://dx.doi.org/10.1038/ncomms11160
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

